Abstract--The migration of ledges in a semicoherent ct/fl interface is considered to participate in solid-state transformations driven by diffusion. The advance of the ledge and/or the progress of the transformation can require the climb of misfit dislocations both in the ledge and in its path. The creation or annihilation of vacancies required for the transformation and the ledge advance is provided by a combination of three vacancy sources or sinks: (a) the net vacancy flux to/from the interface resulting from the difference in lattice plane shift (Kirkendall effect) within the two contacting phases, (b) the climb of misfit dislocations from the interface into the bulk of the ct and fl phases, and (c) the climb of misorientation dislocations within the interface. Thus, the dynamic action of the interface during the phase transformation would include: (i) climb of misfit dislocations out of the interface, with ensuing dissociation into glissile dislocations which resupply the interface by return glide, and (ii) climb of misorientation dislocations in the interface necessitating a continuing arrival of such dislocations from sources in the bulk or in the interface.
INTRODUCTION
The role of dislocation climb in the creation and annihilation of vacancies for interdiffusion in an isomorphous system (Cu-Ni, Ag-Au, etc.) is rather well understood [1] [2] [3] . Matthews [4, 5] and Beers and Mittemeijer [6] have shown that during diffusion the misfit dislocations originally present at a Cu-Ni interface are distributed into the diffusion zone, where they account for a continuous variation in the lattice parameter with changing composition. By this mechanism, the original misfit interfacial dislocations PIERAGGI el al.: INTERFACIAL DYNAMICS IN PHASE TRANSFORMATIONS are redistributed and, to first order, conserved as the original interface loses its identity, although subsequently they may be annihilated by recovery processes. The climb in the bulk of such dislocations originating from the interface would also account for the creation and annihilation of vacancies in the diffusion couple, which is required to compensate for differing intrinsic diffusion coefficients of the components and the resulting Kirkendall effect.
The exact behavior of an interphase interface during boundary migration associated with a solid-state phase transformation is a subject of great current interest. As considered in the preceding paper [7] , for the diffusion-limited transformation between two binary disordered, substitutional solid solutions (~/fl), any interphase interface must be able either to create or annihilate vacancies, depending upon the intrinsic diffusion coefficients for each component (A and B) in each phase, and upon the initial and interfacial concentrations of A and B in the diffusion couple. In the preceding paper, no structural mechanism was offered to achieve the creation or annihilation of vacancies in the interface, or to relate this process to the migration of the interphase interface which constitutes the phase transformation.
Because of a difference in lattice parameters and/or lattice structure, and/or a departure from a near-coincidence orientation, and ~/fl interphase interface in local stress-free equilibrium can be described by a more or less complex and dense array of intrinsic (misfit and misorientation) interface dislocations [8] [9] [10] [11] [12] [13] . In addition, extrinsic interface dislocations can be present in the boundary. The extrinsic dislocations may have perfect lattice Burgers vectors of one or the other lattice or may dissociate into interface dislocations with smaller vectors belonging to the DSC lattice [8, 11] of the pair of phases meeting at the boundary. Intrinsic dislocations will have Burgers vectors related to the DSC lattice [11] [12] [13] . Ledges in the interface can also have both intrinsic and extrinsic dislocation character containing components both parallel and perpendicular to the adjacent terraces. Incoherent interfaces or those with very small 0-lattice unit cells can be also described formally by dislocation theory but the description is generally agreed to have little physical significance. On the other hand, many semicoherent or epitaxial interfaces or near-coincidence boundaries contain discrete sets of interface dislocations discernable by transmission electron microscopy [14] . Indeed, many interfaces once thought to be incoherent and structureless have been found to contain interface dislocation ledge character: these include the risers of macroscopic ledges in phase transformations and some massive transformation interfaces, for example [15] .
We address two cases of dislocation/ledge activity in the present work. One is exemplified by the interface between two layers • and fl, both growing (or shrinking) by diffusional processes with appreciable fluxes in both phases, illustrated in Fig. 2(a-c) in the preceding paper [7] . This example includes the case where one (or both) of the phases is an oxide. In this case, the macroscopic interface appears smooth, but microscopically can be described in terms of dislocations and ledges at the atomic level. The second case is represented by the diffusional growth of a precipitate with nominally planar habit planes, whereby the fluxes are largely confined to the matrix, the case in Fig. 2(d) in Ref. [7] . For this case, electron microscope observations indicate the presence of misfit dislocations, monatomic (structural) ledges and macroscopic growth ledges separating low-index terraces on the nominally planar habit planes [15] .
The preceding paper points out that any migrating ct/fl interface participating in diffusional growth must be active in creating and/or annihilating vacancies. A recent paper by Pieraggi and Rapp [16] has proposed a model for vacancy annihilation for the growth of an NiO scale on Ni by the climb of a fraction of the misfit dislocations into the metal phase, with an associated redistribution (change in spacing) of the misfit dislocations remaining in the interface. Tiller [17] presented a somewhat related model for the climb of interface dislocations associated with interstitial creation in the oxidation of silicon. The purpose of this paper is to analyze the details of interface dynamics to develop a general mechanism which coordinates the demands of bulk diffusion via vacancies with the behavior of the interface structure to effect the phase transformation. The analysis treats specifically a diffusion-driven phase transformation between disordered binary solid solutions [7] .
Howe et al. [18] have considered glide emission of misfit dislocations from steps (risers) and climb of misfit dislocations along the step face of precipitates. This has led to a continued discussion of step/misfit dislocation interactions relative to transformation mechanisms [19] [20] [21] [22] . Notably, misfit dislocations on terrace faces are considered to be sessile in those discussions [18] [19] [20] [21] [22] , although it has been noted that more general climb processes could be relevant for interfaces between solid solutions [22] . Here we consider the climb of dislocations both in the terrace and step planes of a boundary and out of these planes. Climb of misfit dislocations out of the interface plane has been observed for epitaxial metal layers [23] and in nanoscale layer structures [24] . It is likely to occur also for the interdiffusional growth of thicker layers, and is possible for the growth of precipitates as observed for an A1-Mo system by Chang and Loretto [25] : the emanation by climb of an intrinsic interface dislocation from a precipitate interface or the nucleation of a climb loop with a portion deposited on the interface are geometrically equivalent processes as discussed for the grain boundary analog, for example, by Hirth [26] . Finally, the climb of misfit dislocations to a new terrace as a macroscopic ledge advances, enhanced by the vacancy flux effects mentioned earlier, is a specific means to account for the fate of misfit dislocations in the proposed ledge mechanism for diffusional precipitate growth [18] .
The interface dislocations are considered to have Burgers vectors near those of perfect lattice vectors so that the only constraint to climb is the osmotic force associated with point defects. This corresponds to many observed examples of misfit dislocations [9] . For the cases where misfit dislocations have smaller Burgers vectors, climb (or glide) emission is still possible, and sometimes observed [27], but there would be an added activational barrier associated with the emission stage that would provide an additional kinetic constraint and make the process less likely. When the misfit dislocations are not perfect lattice vectors, climb into the lattice requires deposition of a different GBD at the interface, an energetically unfavorable process. Of course, at temperatures above about 0.6 of the melting point, where diffusion becomes appreciable, the osmotic forces associated with vacancy fluxes become large [28] , so interface constraints can be readily overcome unless the barriers are of the order of vacancy formation energies or larger. The nucleation of prismatic loops, formation of spiral dislocations, and operation of BardeenHerring sources near Kirkendall interfaces all reflect these large osmotic forces, which can approach values equivalent to those produced by stresses of /~/10 (where # is the shear modulus) of the order of theoretical glide strengths for perfect crystals [28] .
ANALYSIS
In the extension of the simple terrace-ledge-kink (TLK) model for solid-vapor interfaces to describe the microstructure of an ~/fl interphase interface near a coincidence orientation (Fig. 1) , the intrinsic interfacial edge dislocations can be decomposed into two independent sets of edge dislocations: one set with the Burgers vector parallel to the interface accommodates misfit between the et and /~ lattices; the other set with the Burgers vector normal to the interface accommodates the misorientation between the two lattices. This structure can also be applied to dislocations lying along multi-atom height steps or kinks, as shown in Fig. 1 . Therefore, Fig. 1 , which illustrates misfit dislocations (type A) and misorientation dislocations (type B), can be considered as a general representation of an ct/fl interface close to a near-coincidence or simple O-lattice orientation. For the precipitation case, one would imagine the ledges to be macroscopic in height, while for the layer growth case they could be of monatomic height. To avoid long-range elastic stresses associated with the interface, the height of the macroscopic ledges should be an integral number of misfit dislocation spacings.
Consider the advance to the right of the ledge in Fig. 1 , corresponding to a transformation of ct into fl with preservation of the terrace interface structure. For this case, some fraction of the vacancy flux difference at the ct/fl interface inherent to the interdiffusion process (described in the preceding paper) must be annihilated by the climb of the misfit dislocations (type A) both in the ledge and in the transformed terrace. This particular stage is mandatory, as it constitutes the phase transformation, and accommodates the volume change. On the other hand, to satisfy the remaining creation or annihilation of vacancies by the interface required by the diffusional vacancy flux difference, the climb of the misfit dislocations out of the terrace and/or the climb of the misorientation dislocations within the interfacial terraces would be required. As shown as Fig. 2 , the phase transformation itself must involve the climb of the misfit dislocations in the ledge and in its path, an action which is tied to the general activity of the interface in creating and annihilating vacancies. In Fig. 2 , as the macroledge advances, the misfit dislocations must rise to the newly created terrace, e.g. by climbing up the macroledge or by other processes as discussed in Refs [18] to [22] . Clearly a cooperative interaction between the ledge migration (phase transformation) and the balance of vacancy fluxes must be maintained. Figure 3 illustrates three elementary steps which supply (fl---.ct) or consume (ct---~fl) the vacancies associated with the climb of interfacial misfit dislocations constituting the transformation ( Globally, the rates for the four steps at the interface during the transformation must satisfy the condition AJd~ + riv(11) + hv(i) + riga" = 0 (1) where hv(ll) and ~iv(-I.) are the rates of vacancy creation (or annihilation) per unit area of interface by the positive (or negative) climb of misfit and misorientation edge dislocations of the terrace, respectively, and nv't .... is the rate of change in vacancy number produced by the climb of misfit dislocations required for the transformation. The quantity ri~ a"s arises because of the difference in molar volumes for the ct and fl phases and/or the ct/fl mutual orientation relationship. For a given transformation, the relative contributions of these individual steps should depend greatly on the specific contacting planes, which decide the degree of misfit (and therefore the density and arrangement of the misfit dislocations), and on the misorientation of the planes from a near-coincidence orientation, which decides the density and arrangement of the misorientation dislocations. The renewal of the latter defects is dependent upon the presence of either glide sources in the bulk, as indicated in Fig.  3 , or of Bardeen-Herring type sources on the terraces. As sketched in Fig. 4 , and as previously suggested for vacancy annihilation in the Ni/NiO system [16] , the climb of some fraction of the misfit dislocations out of the terrace would lead to an increase in spacing of misfit dislocations in the terrace. In Fig. 4(a) , misfit edge dislocations of spacing s o in the ith direction are shown for an initial ct//~ interface where the reactive bulk compositions for the ct and/~ phases are brought into contact. In Fig. 4(b) , the climb of some misfit dislocations into both the ct and/~ phases during an (a) (b) initial transient period serves to accommodate the composition gradients and to adjust (increase) the spacing of the misfit dislocations to the equilibrium spacing sT. Such transient interdiffusion has been described by Hwang et al. [29] for thin film Au-Pd diffusion couples and by Nakahawa and Greenfield [30] for thin Cu-Ag couples. The dislocations which climb from the interface into the bulk ~t and fl phases can be effective in creating and annihilating the vacancies required by the Kirkendall effect to compensate for the differences in the intrinsic diffusion coefficients in both the ~t and fl phases [7] . In Fig. 4(c) , after transient interdiffusion has established the equilibrium ct/fl interfacial compositions (and s~), the negative climb of some fraction of these misfit dislocations into the bulk of the fl phase would effect vacancy creation. The resulting increased spacing from s~ to s~ of the misfit dislocations would introduce local stresses into the ct//~ interface. Figure 4(d) illustrates the similar facility for positive climb of some misfit dislocations into the alpha phase corresponding to vacancy annihilation. As explained earlier [16] , the climb steps described for two dimensions in Fig. 4 occur in three dimensions for an intersecting pair of dislocations from the terrace grid. In Fig. 4 , any elastic stress created by dislocation climb into the bulk produces a driving force to return, by glide, some of these dislocations from the bulk to the terrace if suitable dissociation reactions and glide planes exist for the specific interface considered. A specific example of the climb-glide ratchet process of Fig. 4(c) is presented for the case of two f.c.c, crystals in Fig. 5 . The interface plane is assumed to be (001) with a square cross-grid of edge dislocations with Burger vectors AB and CD, in the Thompson notation [31], accommodating ct//~ misfit. As shown for the set CD, the dislocations can dissociate into CA (5) and AD(~,), glide back into the interface and recombine to form CD in the interface. The initial dissociation is energetically unfavorable and can only occur in the presence of an elastic driving force. The reaction is analogous to that for forming Lomer-type dislocations at or near the interfaces of strained layer structures.
As a specific proposal for this model, the climb of misfit dislocations from the terrace, illustrated in Fig. 4 , should be able to furnish the bulk ~t and fl phases with the misfit dislocations required for two coincident processes: (i) to compensate for the continuous variation in lattice parameter associated with the concentration gradients [23, 27, 29, 30] , and (ii) to effect the creation/annihilation of vacancies in the bulk required to compensate for the differing intrinsic diffusion coefficients of A and B in both ~t and fl [7] . In the first case, as reactive diffusion couples develop concentration gradients in each phase, misfit dislocations should climb from the interface terrace into the bulk of each phase. In general, because the diffusivities in the two phases will differ (AJv[ 50), the relative amounts of dislocation climb/glide in the and fl phase should differ. This effect would be more pronounced in the early stages of diffusion when concentration gradients are changing most rapidly with time. Thus, the dislocations may lag behind their elastic equilibrium positions.
At steady state, the required direction of dislocation climb to relax stresses associated with changing composition profiles and to satisfy interdiffusion requirements (AJ,~) may be in the same or in the opposite direction of climb motion that would accommodate vacancy annihilation/creation required to effect the phase transformation (titans). In the case that these terms in equation (1) have opposite signs, the effect should not retard the rate of diffusionlimited transformation. If these two terms should have the same sign, some kinetic retardation could occur. There could be an added constraint to climb if misfit dislocations have to climb via vacancy annihilation into the phase in which the diffusion coefficients are smaller or where there is a requirement for vacancy creation at a remote position in the bulk. Analogously, an elastic constraint would arise from elastic incompatibility if the dislocations would climb into the phase with higher elastic modulus to produce the needed vacancy flux balance. In these instances, the constraints would tend to bias the vacancy balance in favor of climb by the misorientation dislocation set B relative to the misfit set A in Fig. 1 . Figure 6 illustrates schematically a semicoherent ot/[3 interface for two limiting cases: (i) in the foreground, kinks of dimensions hK in the ledge (steps) of spacing 2L and height h~ are numerous in the macrostep of height h L (~'K < hL), and the kinks serve as reversible sites for atomic attachment, while in (ii), in the background, kinks in the riser on the ledge are scarce (2K > hL). In the latter case, some kinetic difficulty in the attachment of atoms to the riser in the ledge could be introduced. The situation is analogous to that treated by Burton et al. [32] for crystal growth and resembles in part the extension of these ideas to solid state transformations by Aaronson et al. [33] . The natural site of the transformation is at the kinks in ledges with point source diffusion fields around them. These vacancy concentration gradients overlap along ledges, to produce line sources or sinks, and the overlap of ledge fields tends to produce planar sources or sinks for the terraces.
LEDGE DYNAMICS FOR PHASE TRANSFORMATION
Interfacial diffusional constraints increasingly limit the transformation as the respective diffusional mean free paths (including bulk and interface Contributions) become less than the respective spacings: for kinks, when 2K < hL or 3.K; for microledges on the large macroledges when 2~ < 2]; and for terraces when 2T < 2T. The kinetics for the transformation can then be analyzed. The linear rate of advance of the ledge in the y direction, v L, is given in terms of the step velocity V 1 by 
This rate of volume transformation is related to ~r, the growth rate relative to the Matano plane [7] , in the centered mole-number frame of reference, by the expression I? = NVm (4) where V m is the molar volume for the growing fl phase.
Let us consider the case, Fig. 2 , where the vacancy flux accommodation occurs by the climb of misfit dislocations. A semicoherent ledge with a rectangular grid of misfit dislocations is chosen so that its height hL is an integral number times the spacing s of the misfit edge dislocations. For the equilibrium situation s7 = a~laal (5) where a~ is the average lattice parameter, and Aa~ is the difference in lattice parameters for the equilibrium ct and /7 compositions in the ith direction of an epitaxial orientation. As discussed for the case illustrated in Fig. 4 , during the diffusion-driven phase transformation, the climb of a fraction of the misfit dislocations from the interface into the bulk phases changes the average interfacial dislocation spacing from s o to s~, or to s~ with an associated increase in strain energy.
According to Fig. 2 , the transformation from ~ to /7 requires the positive climb of the misfit dislocations in the advancing ledge and in its traversed path. In particular, three different sets of parallel misfit dislocations in the x-y, y-z and x-z planes need to be translated by climb along the z, x, and y axes, respectively, to effect the transformation. For the climb of each set of the misfit dislocations in one plane, the number of vacancies consumed per unit length of misfit dislocation per unit climb distance is given by n v = b/f~ (6) where b is the edge component of the Burgers vector and f~ is the atomic volume for the growing fl phase. The length of misfit dislocation lines per unit area of interface is given by s-~ so that the required vacancy flux for the translation of this set of parallel misfit dislocations is given by nv = ¢'blns = vds (7) where v c is the dislocation climb velocity and s is the average spacing of the misfit dislocations. Alternatively, for a volume V transformed per unit interfacial area, the necessary climb volume to move the misfit dislocations is b V/s, corresponding to a number of vacancies per unit area nv = bV/sfL The time rate of change of this expression again gives equation (7) . Similar expressions apply for the climb of the other two sets of misfit dislocations, so that for the rate of volume transformation per unit interface area expressed by equation (3), the required rate of change in vacancy number that would be used in equation (1) is given by ~,,s= ¢~bo/s~ + 1/s~+ l/s.).
(8)
One may consider that this contribution to the creation/annihilation of vacancies is achieved by the climb of misfit dislocations within the interface.
Finally, to effect the balance of sites described by equation (1) , the climb rate per unit length for interfacial dislocations [riv(ll)+ riv(-L)] needs to be determined as a diffusional boundary value problem, in general a difficult procedure. As a simple example, in the limiting case that the vacancy source-sink distance R exceeds the misfit dislocation spacing s, the climb rate is given by [34] 2rrDs [-iCy\ at)] tiv sb ~/b)Lln t~vv)-~ -~ (9) where Ds is the appropriate self-diffusivity, C v is the 0 local vacancy concentration at the interface, Cv is the remote vacancy equilibrium concentration, and a is the elastic back-stress. When s < R, diffusional overlaps occur and the kinetic expressions become more complicated, analogous to the crystal growth case [32] .
SUMMARY
In a diffusional phase transformation, the divergence of intrinsic diffusion fluxes at the interface that accompanies the growth of a phase leads as well to a divergence of vacancy fluxes at the interface. This divergence leads to the necessity for local climb processes involving misfit or misorientation dislocations at the interface. The requisite response of the terrace dislocations to the motion of ledges in the interface couples the interfacial defects associated with semi-coherency to the phase transformation. Vacancy transport (communication) between the ledges and the terraces could occur by exchange at jogs/kinks or pipe diffusion in the cores of the terrace dislocations. The climb-related processes may either retard or enhance the degree of interface control of the phase transformation depending on the sign of the vacancy flux divergence.
The ideas developed here are presented for a general case of a diffusional phase transformation involving disordered solid solutions. The model may be directly applied to scaling reactions, displacement reactions involving layered products, layer structures formed by interdiffusion, and precipitation reactions. The model can he extended to apply as well to bainitic-type reactions, but a more detailed consideration of the coupling with transformation dislocations and ledges at the growth interface would be required for a specific case.
